The treatment of aneurysms associated with moyamoya disease (MMD) is difficult for neurosurgeons, and little is known of strategy options. This report constitutes a comprehensive review of the literature. We summarize the known treatments and their clinical outcomes according to the site of the aneurysm: in major arteries, peripheral arteries, moyamoya vessels, meningeal arteries, or at the site of anastomosis. The literature review indicates that the treatment of MMD-associated aneurysms varies according to the site of the aneurysm and its hemodynamic characteristics. In particular, the treatment for basilar tip aneurysms remains challenging, since both endovascular embolization and direct clipping are difficult. The potential risk for ischemia should be considered in selecting endovascular or surgical approaches. Revascularization surgery, which is important for the treatment of MMD, also determines the clinical treatment outcome of aneurysms associated with MMD.
Introduction
Moyamoya disease (MMD) is a common neurovascular disease in Asians, characterized by progressive stenosis or occlusion of the distal internal carotid artery (ICA), and development of collateral vessels (moyamoya vessels) close to the steno-occlusion [1] . Worsening occlusion of the ICA compromises the flow dynamics in unobstructed arteries, with compensatory dilation and blood flow in the moyamoya vessels. This increased flow often results in elevated blood pressure and the formation of an aneurysm. The incidence of intracranial aneurysms in MMD is approximately 3.4-14.8%, a rate greatly higher than that of the general population (1-3%) [2, 3] . Even when asymptomatic, MMD patients are more susceptible to ischemic attack and intracranial hemorrhage [4] . Because increased hemodynamic stress makes aneurysms in the major arteries highly susceptible to rupture, surgical intervention is recommended for MMD-associated aneurysms [5, 6] .
Intracranial aneurysms associated with MMD were first reported in the 1970s [7] [8] [9] [10] , and since then this disease has frequently been reported in the literature (Tables 1-4) . It is generally believed that in MMD patients, intracranial hemorrhagic events are often the result of associated aneurysms [6, 11] . The pathogenesis of aneurysms in MMD is complex, and influenced by multiple factors that include hemodynamic stress, pathological vessel architecture, and the site at which they occur. These pathological complexities and anatomical variations make management of aneurysms associated with MMD difficult and challenging. Despite recent great advances in microsur-
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The present report offers a comprehensive review of the literature on intracranial aneurysms in MMD. We focus on current strategies for the treatment of these aneurysms, according to their location.
Classifications of intracranial aneurysms associated with MMD
Aneurysms associated with MMD can occur widely in the intracranial artery, ranging from the circle of Willis at the base of the brain to moyamoya vessels, but most typically they occur within the posterior circulation [3] . Since aneurysms at different sites differ in pathogenesis and various hemodynamic features, they are usually classified according to location to facilitate the planning of treatment strategies. Thus, the two principle subtypes of aneurysms in MMD are those of the major and peripheral arteries [15, 16] . Aneurysms in the major arteries are typically true saccular aneurysms, predominantly at the circle of Willis. Aneurysms of the peripheral arteries occur mainly in or near the fine collateral network of moyamoya vessels; they are commonly pseudoaneurysms resulting from rupture of fusiform or dissecting aneurysms.
While the above subtypes and their characterizations are generally accepted in the literature, major arteries with dissecting aneurysms have also been reported in MMD patients, although these are rare. For example, in 1983 Yamashita et al. [16] reported two cases of cerebral dissecting aneurysms in MMD, one with a middle cerebral artery (MCA) aneurysm, and another with an anterior cerebral artery (ACA) aneurysm.
Yeon et al. [2] categorized aneurysms associated with MMD into three subtypes: aneurysms at major arteries (e.g., the circle of Willis), distal peripheral arteries (the anterior or posterior choroidal artery, AChA or PChA, respectively), and moyamoya vessels. In a retrospective of 111 patients with aneurysms associated with MMD, there were 3, 1, and 1 aneurysmal lesions around the circle of Willis, in the basal ganglia, and on the collateral vessels, respectively [3] .
The above classifications are generally accepted. However, due to the rarity of aneurysms associated with MDD, few studies from a single institution have included examples of all these subtypes. Most studies are case reports of aneurysms at different anatomical locations, for example at the basilar tip [17] , the lenticulostriate artery (LSA) [18] , and the AChA [19] . In addition, collateral branches of the moyamoya vessels can originate from the meningeal artery, including the middle or anterior meningeal arteries, and it has been reported that rupture of aneurysms in the middle anterior meningeal artery can lead to intracranial hemorrhage in patients with MMD [20] . Aneurysms have also been known to form after surgical anastomosis for the treatment of MMD, at the site where the superficial temporal artery (STA) was sewn to the MCA (i.e., at the STA-MCA). Intracranial hemorrhage caused by rupture of these aneurysms has been reported [21] . All of these aneurysms are included in the present review.
No single study provides enough information for developing optimal strategies for the treatment of the above aneurysms, or evaluates the risks associated with treatments of aneurysms at different locations. We believe it is best to categorize these aneurysms according to their anatomic location (Fig. 1) , and in this review, we summarize the treatment strategies for each (Tables 1-4) .
Major artery aneurysms associated with MMD

Anterior circulation aneurysms
In MMD patients without complete occlusion at the distal end of the ICA or at the origin of the ACA or MCA, aneurysms can form in the residual anterior circle of Willis ( Table 1 ). The incidence of these aneurysms is not low. Kawaguchi et al. [3] reviewed 131 aneurysms in 111 patients with MMD, and found that 30 (23%) of these aneurysms occurred in the anterior circle of Willis. The reported treatments for anterior circulation aneurysms have varied, and treatment experience is largely obtained from case reports. For example, Yeon et al. [2] reported that three of five patients with non-hemorrhagic MMD with anterior circulation aneurysms were surgically treated. Of the three patients, two with preoperative ischemic symptoms had postoperative infarction after direct neck clipping of the aneurysms. One asymptomatic patient who had a paraclinoid aneurysm underwent stent-assisted endovascular embolization, and had a good postoperative outcome.
Iwama et al. [6] reported one case in which the MMD patient had three anterior circulation aneurysms, locating at the A1, anterior communicating artery, and distal ACA. This patient underwent clipping of all three aneurysms followed by STA-MCA anastomosis, and had a satisfactory postoperative outcome. Kawaguchi et al. [3] reported two MMD patients with anterior communicating artery aneurysms. One patient had a favorable outcome after direct neck clipping of the aneurysm combined with STA-MCA anastomosis and encephalomyosynangiosis (EMS), but the other patient died after the direct neck clipping. Kodama et al. [22] reported one MMD patient with subarachnoid hemorrhage caused by rupture of multiple aneurysms at the bifurcation of the left ICA and the AChA. This patient underwent neck clipping of these aneurysms, and recovered well postoperatively.
We previously reported one case of an MMD patient with a posterior communicating artery aneurysm who underwent endovascular coil embolization of the aneurysm [23] . Although intraoperative thrombi resulted in occlusion of the ICA, no complications occurred after surgery, due to good compensatory collateral circulation.
The treatment methods for anterior circulation aneurysms associated with MMD and their outcomes varied greatly across eight cases reported in the literature ( Table 1) . Clipping of these aneurysms was performed in six cases and endovascular embolization was performed in two. In addition, STA-MCA anastomosis in combination with neck clipping of the aneurysms was performed in two cases. Of the eight patients, one died, two had ischemic complications, and five had satisfactory outcomes. Thus, the overall outcome of these aneurysms associated with MMD was not very good, perhaps due to disruption of the established collateral circulation during surgery, leading to ischemia [12] . For ruptured aneurysms, clipping or embolization should be performed to prevent re-rupture. For anterior circulation aneurysms associated with MMD, care should be taken to preserve the established collateral networks, and anastomosis should be performed if necessary to ensure sufficient cerebral perfusion [24] . However, for unruptured aneurysms, it remains controversial whether clipping or embolization should be performed. It is believed that these aneurysms may spontaneously disappear with progressive steno-occlusion of the distal end of the ICA and the origin of the anterior and middle cerebral arteries, as MMD progresses [25, 26] . Because surgery for unruptured aneurysms in MMD carries a high risk, conservative treatment with radiological follow-up may be a treatment option.
Posterior circulation aneurysms
In MMD, the occlusion of the anterior circulation of the circle of Willis results in a compensatory increase in blood flow in the basilar artery, the main artery that supplies the brain. The basilar artery is susceptible to aneurysms, due to increased hemodynamic stress on the vessel wall. Aneurysms are frequently found in the tip of the basilar artery, including those associated with MMD. Because basilar tip aneurysms are deeply located, direct clipping is dif-ficult and dangerous. Endovascular embolization is the main treatment option for these aneurysms.
We previously reported that endovascular coil embolization of a ruptured basilar tip aneurysm resulted in a satisfactory outcome in a MMD patient [12] . Similarly, Irie et al. [27] reported a case with successful treatment of a ruptured basilar tip aneurysm associated with MMD, using endovascular coil embolization. In addition, Kagawa et al. [28] reported that an MMD patient with an unruptured basilar tip aneurysm who presented with ischemic symptoms was successfully treated with intraaneurysmal embolization using Guglielmi detachable coils.
However, wide-neck basilar tip aneurysms are often difficult to treat with simple coiling, and stent-assisted techniques are commonly used for endovascular embolization. Jeon et al. [29] reported two cases of MMD patients with basilar tip aneurysms treated with Y-configuration double-stent-assisted (Y-stent) coiling. Thromboembolic infarction due to acute in-stent thrombosis occurred in one patient who had infarction in the midbrain postoperatively. Arta et al. [30] reported five MMD patients with basilar tip aneurysms treated with intraaneurysmal embolization with detachable platinum coils. Balloon-assisted techniques were used in three patients. One patient had transient intraoperative mydriasis and one patient had transient oculomotor paresis [30] . Therefore, endovascular embolization of basilar tip aneurysms is associated with a high risk of postoperative complications.
In addition to endovascular treatment, direct clipping of basilar tip aneurysms associated with MMD has been reported, but these were mainly performed before Guglielmi detachable coils were introduced in 1991. Bhattacharjee et al. [31] reported a case of ruptured basilar tip aneurysm in MMD treated with direct neck clipping. During the procedure, the aneurysm ruptured and the patient died 11 days later. In addition, they retrospectively reviewed five cases of surgically treated ruptured basilar tip aneurysms associated with MMD that had been published between 1978 and 1994. Of the five patients, one died, two had oculomotor palsy, and two had a good outcome [31] . Therefore, direct surgical intervention as well as endovascular embolization to treat ruptured basilar tip aneurysms in MMD is associated with a high risk of postoperative complications.
Herein we summarize eleven cases of basilar tip aneurysms associated with MMD (Table 2 ). Both endovascular embolization and direct clipping of these aneurysms is difficult and dangerous. Although recent studies tend to support endovascular embolization of these aneurysms, especially after detachable coils and balloon-and stent-assisted techniques became widely used, these treatments remain challenging for neurosurgeons.
Aneurysms associated with MMD have also been found in other areas of the posterior circulation of the circle of Willis, including the superior cerebellar artery [2] , the P1-P2 junction of the posterior cerebral artery [6] , and the vertebrobasilar junction [32] . The treatment strategies for these differ from those for basilar tip aneurysms and are associated with better outcomes, mainly because their anatomic locations are easily accessible and the hemodynamic stress is milder. For example, Nishio et al. [14] reported an MMD patient with a ruptured aneurysm at the P1 segment of the left posterior cerebral artery, who had a good outcome after endovascular embolization using Guglielmi detachable coils. Iwama et al. [6] reported four cases of MMD patients with ruptured posterior circulation aneurysms, including two at the junction of the basilar artery and the superior cerebellar artery, and two at the P1-P2 junction of the posterior cerebral artery. All these patients had a satisfactory outcome after direct clipping of the aneurysms combined with STA-MCA anastomosis. Furthermore, Yeon et al. [2] reported two cases of MMD patients with unruptured posterior circulation aneurysms, including a superior cerebellar artery aneurysm and a P1 aneurysm, and endovascular coiling embolization of both resulted in good outcomes. These studies show that both direct clipping and endovascular embolization for aneurysms in the superior cerebellar artery, P1-P2 junction of the posterior cerebral artery, or vertebrobasilar junction achieve better outcomes than the same procedures applied to basilar tip aneurysms.
Peripheral artery aneurysms associated with MMD
Anterior choroidal artery aneurysms
In MMD without occlusion of the AChA, the trunk and branches of the AChA often develop compensatory dilation and extend to distal regions. The increase in blood flow that results from this collateral circulation in the AChA correlates with a greater incidence of aneurysms in its distal end [33] [34] [35] . Because distal AChA aneurysms are quite rare, little is known concerning their treatment. We previously reported two cases of distal AChA aneurysms associated with MMD and performed a literature review of 15 cases that summarized their clinical features and treatment strategies [19] . Treatment options for these aneurysms include craniotomy and embolization with coils or glues. The prognosis after these procedures depends on the aneurysmal location and preservation of the parent artery, and not the use of craniotomy or endovascular embolization. To achieve better outcomes, the parent artery should be preserved when the aneurysm is located in the temporal horn of the lateral ventricle, but can be sacrificed when the aneurysm is located in the trigone of the lateral ventricle [19] .
Digital subtraction angiography-guided endovascular intervention is a good treatment option for AChA aneurysms associated with MMD, since this procedure is minimally invasive and allows precise location of the aneurysms [36] . However, although endovascular intervention can treat an AChA aneurysm and it is widely applied in clinical practice, it cannot treat MMD.
For MMD patients who require revascularization and EMS, craniotomy is preferred since this treats both the aneurysms and MMD simultaneously. Unfortunately, it is very difficult to identify these aneurysms during craniotomy. The aneurysms are relatively easy to locate when a hematoma occurs, since the aneurysms are often in the wall of the hematoma. He et al. [37] reported three patients with ruptured distal AChA aneurysms associated with MMD. Two of them underwent STA-MCA bypass combined with EMS and the obliteration of the aneurysms. Neither of these two patients experienced rebleeding during the follow-up. However, the remaining patient given conservative treatment had recurrent hemorrhage four months after the first ictus. Therefore, the choice of treatment options is determined not only by the anatomic location of the aneurysms, but also by whether the MMD requires treatment.
Posterior choroidal artery aneurysms
In MMD, a decrease in blood flow in the anterior circulation of the circle of Willis results in a compensatory increase in the blood flow in the posterior circulation. This hemodynamic change leads to a great increase in the blood flow in the PChA, thereby forming collateral circulation that increases the blood supply to distal areas. The dilated PChA resembles moyamoya vessels in morphology, and the increased blood flow positively correlates with the incidence of PChA aneurysms.
Kawaguchi et al. [3] reported that PChA aneurysms occurred in 11% of intracranial aneurysms associated with MMD (14/131). Therefore, PChA aneurysms are not quite rare. The treatment options include endovascular intervention and direct surgical removal or clipping of these aneurysms, and the parent artery sometimes also is treated. Hamada et al. [38] reported that two patients with ruptured PChA aneurysms associated with MMD who underwent craniotomy with STA-MCA anastomoses had a satisfactory outcome.
Since these aneurysms are deeply located, surgical resection is often assisted by stereotaxy or a neuronavigation system. Ali et al. [39] reported that stereotactically guided trapping and microsurgical resection of a ruptured posterior choroidal intraventricular aneurysm yielded a good outcome in a MMD patient. These aneurysms were also successfully resected using a neuronavigation system, followed by encephaloduroarteriosynangiosis three months later [40] . In addition to surgical resection of these aneurysms, endovascular embolization is effective. Kim et al. [34] reported that endovascular embolization of ruptured PChA aneurysms with n-butyl-cyanoacrylate (NBCA) yielded a good outcome in five MMD patients.
Although endovascular embolization and direct surgical resection or clipping of these aneurysms yield good outcomes, neither option may work for very deep aneurysms. Because MMD-associated PChA aneurysms are mainly caused by increased hemodynamic stress, reduced hemodynamic stress on the PChA may obliterate them. Kuroda et al. [41] reported three patients with ruptured MMD-associated PChA aneurysms who experienced intracranial bleeding. Surgical revascularization with STA-MCA anastomoses combined with encephaloduromyoarteriosynangiosis (EDMA) completely obliterated the aneurysms, and no rebleeding occurred during the follow-up. In addition, Waga et al. [42] reported a case of a PChA aneurysm associated with MMD, which disappeared after STA-MCA anastomosis.
In summary, craniotomy and endovascular embolization are effective treatments for PChA aneurysms associated with MMD. STA-MCA anastomoses combined with EDMA can be performed to treat MMD. When the aneurysms cannot be accessed by direct surgical resection and endovascular embolization, surgical revascularization can induce disappearance of these aneurysms, and thus may be an alternative option.
Aneurysms at moyamoya vessels
Moyamoya vessels mainly refer to a dilated LSA and thalamoperforating artery (TPA) at the base of the brain. Aneurysms can form in these vessels due to increased blood flow. Gandhi et al. [43] categorized LSA aneurysms as either type I (saccular aneurysm-like with an aneurysmal neck and do not incorporate the LSA into the dome of the lesion) or type II (similar to fusiform or dissecting aneurysms and incorporate the LSA into the dome of the lesion). Determining whether the LSA was preserved (type I) or not preserved (type II) assists in surgical planning. However, rupture of either type I or II can result in hematomas and pseudoaneurysm formation, and thus makes it difficult to preserve the distal LSA. Gandhi et al. [43] reported that three patients had ruptured type II aneurysms that were treated with craniotomy without preservation of the LSA, and all of them had good clinical outcomes. Sakai et al. [44] reported a case of a ruptured LSA aneurysm which had caused an intracerebral hemorrhage, and direct neck clipping of the aneurysm with preservation of the LSA led to a satisfactory outcome.
Although endovascular intervention is difficult to perform in tortuous, friable, and delicate moyamoya vessels, successful endovascular embolization of LSA aneurysms has been reported in many cases. For example, Chalouhi et al. [18] reported that onyx embolization of a ruptured LSA aneurysm yielded a good clinical outcome in an MMD patient. In addition, Harreld et al. [15] reported a case of an unruptured LSA aneurysm associated with MMD that was successfully embolized using NBCA.
Direct surgical resection or clipping of LSA aneurysms associated with MMD is challenging, and sometimes especially difficult for aneurysms that are closely adjacent to vital brain structures and in a tortuous parent artery. Surgical revascularization is an alternative for these aneurysms. Ni et al. [45] reported one case of ruptured LSA aneurysms that disappeared after STA-MCA anastomosis combined with encephaloduromyosynangiosis. However, Kalani et al. [46] reported a patient with MMD with an unruptured LSA aneurysm treated with STA-MCA bypass, and microsurgical clipping of the aneurysm yielded a good clinical outcome. In addition, disappearance of an LSA aneurysm associated with MMD after conservative therapy has also been reported [47] . Therefore, LSA aneurysms associated with MMD may disappear spontaneously when collateral networks are established, even without surgical or endovascular treatment, but may develop if the hemodynamic stress in the LSA is not effectively reduced, even after surgical revascularization. Disappearance of an LSA aneurysm after surgical revascularization or conservative treatment is likely due to a reduction in hemodynamic stress in the LSA.
In addition to LSA aneurysms, aneurysms can occur in the TPA in MMD patients, although they are quite rare. The TPA originates from the top of the basilar artery, and deep-seated TPA aneurysms are technically more challenging to manage. Leung et al. [48] reported an MMD patient with a ruptured aneurysm in the left TPA, which developed due to increased hemodynamic stress after a right EDMA. The aneurysm was surgically excised under the guidance of intraoperative angiography combined with a left EMS. The patient recovered well postoperatively without added sensorimotor deficit. Due to its rarity, little is known of the treatment strategies for aneurysms in the TPA in MMD patients. More of these cases need to be published to provide informed decisions.
Meningeal artery aneurysms associated with MMD
In MMD, blood flow is increased in the arteries supplied by the external carotid artery system, including the middle meningeal artery and anterior ethmoidal artery. Theoretically, increased blood flow in these arteries might result in an increased risk for developing aneurysms, but in MMD patients, they are rarely found. There are only a few case reports in the literature. Park et al. [20] reported an MMD patient with a ruptured middle meningeal artery aneurysm with repeated subarachnoid and intracerebral hemorrhage, who had a good clinical outcome after craniotomy. Koebbe et al. [49] reported a ruptured middle meningeal artery aneurysm causing intracerebral hematoma in a patient with Down's syndrome and a history of MMD. The patient recovered well after endovascular coil embolization of the aneurysm. Because the middle meningeal artery is located superficially, MMD-associated aneurysms are easily accessed, and the difficulty of treatment and risk should be less than for intracranial aneurysms that are located more deeply. However, due to its rarity, little is known regarding treatment strategy.
Aneurysms can also be found in the anterior ethmoidal artery. Da Costa et al. [50] reported an MMD patient with a frontobasal hemorrhage caused by a ruptured anterior ethmoidal artery aneurysm, who recovered well with no additional deficit after surgical resection of the aneurysm. In addition, Tasker et al. [51] reported a similar case of an MMD-like patient with occlusion of both internal carotid arteries with subarachnoid hemorrhage caused by a ruptured anterior ethmoidal artery aneurysm. The patient recovered without incident after the aneurysm was intraoperatively obliterated by cautery. The pathophysiology, clinical manifestations, and treatment strategies for anterior ethmoidal artery aneurysms are very similar to those for anterior fossa dural arteriovenous fistulae, except that the latter has sufficient venous drainage to reduce the hemodynamic stress [52] . Treatment of these aneurysms is not difficult if the correct diagnosis is made.
Aneurysms associated with MMD at the site of anastomosis STA-MCA anastomosis is an effective surgical procedure for management of the ischemic lesion in MMD. However, increased blood flow after STA-MCA also increases hemodynamic stress at the anastomosis site, with a concomitant high risk of aneurysms. Eom et al. [21] reported a case of intracerebral hematoma caused by rupture of a giant aneurysm, which had formed at the site of anastomosis after STA-MCA anastomosis for the treatment of MMD. Because STA-MCA anastomosis had been previously performed, surgical revascularization was not feasible. After a total surgical removal of the hematoma and the aneurysm, the patient had right hemiparesis. Nishimoto et al. [53] reported a case of a ruptured aneurysm at the site of anastomosis 20 years after STA-MCA bypass for the treatment of MMD. The aneurysm was clipped via craniotomy with preservation of the parent artery. The patient was severely disabled after ventriculoperitoneal shunting for hydrocephalus. Similarly, Kawahara et al. [54] reported a case of intracerebral hemorrhage caused by a ruptured aneurysm at the site of anastomosis two years after STA-MCA anastomosis for the treatment of MMD. The aneurysm was clipped via craniotomy with preservation of the anastomosis, and the patient had a satisfactory outcome.
Increased hemodynamic stress is considered the most important factor for aneurysmal formation [21] . Therefore, the aneurysm should be carefully screened at the site of anastomosis for MMD patients who received STA-MCA anastomosis.
Conclusions
In conclusion, treatment options for aneurysms associated with MMD should be selected according to the site and hemodynamic characteristics. The treatment of basilar tip aneurysms remains challenging, since both endovascular embolization and direct clipping are difficult. In addition to management of the aneurysm, the potential risk for ischemia should be noted when selecting endovascular or surgical approaches. Craniotomy should be considered in MMD patients, to excise the aneurysm when revascularization is required. Endovascular intervention may be an effective option, to avoid the high risk of craniotomy or disruption of the established collateral networks. Therefore, revascularization surgery, which is important for the treatment of MMD, also determines the clinical treatment outcome of aneurysms associated with MMD.
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